ABSTRACT Natural killer (NK) cells are components of the innate immunity and are key players in the defense against virus-infected and malignant cells. NK cells are particularly important in the innate defense against herpesviruses, including alphaherpesviruses. Aggravated and life-threatening alphaherpesvirus-induced disease has been reported in patients with NK cell deficiencies. NK cells are regulated by a diversity of activating and inhibitory cell surface receptors that recognize specific ligands on the plasma membrane of virus-infected or malignant target cells. Although alphaherpesviruses have developed several evasion strategies against NK cell-mediated attack, alphaherpesvirus-infected cells are still readily recognized and killed by NK cells. However, the (viral) factors that trigger NK cell activation against alphaherpesvirusinfected cells are largely unknown. In this study, we show that expression of the gB glycoprotein of the alphaherpesvirus pseudorabies virus (PRV) triggers NK cellmediated cytotoxicity, both in PRV-infected and in gB-transfected cells. In addition, we report that, like their human and murine counterpart, porcine NK cells express the activating receptor paired immunoglobulin-like type 2 receptor beta (PILR␤), and we show that gB expression triggers increased binding of recombinant porcine PILR␤ to the surfaces of PRV-infected cells and gB-transfected cells.
N
atural killer (NK) cells can kill virus-infected and cancer cells and are of particular importance in the innate defense against herpesviruses, including alphaherpesviruses (1) . In line with this, patients with deficiencies in NK cell activity may present with aggravated and life-threatening alphaherpesvirus disease, including herpes simplex encephalitis (2) (3) (4) . NK cells are regulated by a diversity of activating and inhibitory cell surface receptors that recognize specific ligands variably expressed at the surfaces of virus-infected, malignant, and, also, normal cells. Specifically, the presence of activating receptor ligands at the cell surface is induced or increased upon viral infection or tumor transformation, while that of inhibitory receptor ligands is often reduced. The balance (or imbalance) of activating and inhibitory signals received by a NK cell upon encountering a potential target cell determines the initiation of the cytolytic response and its strength. As a result, NK cells can sense a wide array of alterations on the cell surfaces of target cells and respond immediately without the need to clonally expand (5, 6) .
Research on pseudorabies virus (PRV), a porcine alphaherpesvirus displaying pathogenic and molecular similarities to human herpes simplex viruses (HSV), has recently resulted in the identification of two alphaherpesvirus NK cell evasion mechanisms. The expression of PRV proteins gD and US3 was found to suppress NK cell-mediated lysis of infected target cells, via reduced binding of the activating NK cell receptor DNAM-1 and increased binding of the inhibitory NK cell receptor CD300a, respectively (7, 8) . Despite these NK cell evasion mechanisms, infection of cells with wild-type (WT) PRV (or HSV) still results in substantial NK cell-mediated lysis of the infected cells (7, 8) .
Susceptibility to NK cell attack may depend in part on the reduced expression of major histocompatibility complex (MHC) class I molecules from the surfaces of infected cells. MHC class I molecules represent the most important ligands for inhibitory NK cell receptors and are downregulated by PRV and other herpesviruses in an attempt to lower recognition and elimination of infected cells by CD8 ϩ cytotoxic T lymphocytes (9, 10) . On the other hand, NK cell-mediated lysis of alphaherpesvirus-infected cells likely also depends on recognition of activating ligands on infected cells. However, (viral) factors that trigger NK cell reactivity are largely unknown. Older studies have suggested that viral envelope glycoproteins, which are expressed on the plasma membranes of infected cells, may increase NK cell reactivity. For both HSV-1 and PRV, viral glycoproteins, including the highly conserved glycoprotein gB, have been suggested to augment the activity of NK-like cells (11) (12) (13) . However, these studies did not make use of purified NK cell populations and therefore do not allow discrimination of whether the activating effect of gB on NK cells is direct or indirect (e.g., cytokine driven), thus involving other white blood cells.
In the current study, we show that the expression of PRV gB activates primary porcine NK cells directly. In addition, we demonstrate that porcine NK cells express the activating NK cell receptor paired immunoglobulin-like type 2 receptor beta (PILR␤) and that expression of PRV gB results in enhanced binding of recombinant porcine PILR␤ to the surfaces of PRV-infected and gB-transfected cells.
RESULTS
Expression of PRV gB triggers NK cell-mediated killing of PRV-infected and gB-transfected cells. To investigate whether the gB glycoprotein of PRV is involved in NK cell-mediated lysis of PRV-infected cells, swine kidney (SK) cells were mock infected or infected with wild-type (WT) PRV or isogenic gB-null virus (multiplicity of infection [MOI] of 10), coincubated with freshly isolated interleukin-2 (IL-2)-primed porcine NK cells, and subsequently assessed for their susceptibility to NK cell-mediated cytotoxicity by flow cytometry. In line with earlier reports (7, 8) , PRV-infected SK cells showed significantly increased susceptibility to NK cell-mediated cytotoxicity compared to mock-infected cells (Fig. 1A) . Importantly, increased killing of infected cells depended to a large extent on the expression of PRV gB, as cells infected with gB-null virus displayed a statistically significant reduction in their susceptibility to NK cell-mediated lysis. This difference was not due to a possible heterogeneity in virus replication efficiency or percentage of infected cells, since infection with either virus (WT or gB-null PRV) resulted in infection of virtually all cells and in similar viral protein expression levels ( Fig. 1B and C) .
As mentioned above, herpesviruses, including PRV, often cause a reduced cell surface expression of MHC class I in an attempt to lower recognition and elimination of infected cells by CD8 ϩ cytotoxic T lymphocytes, which at the same time may increase The data shown in the graph were calculated based on the MFI minus that of the isotype control-labeled cells. The dot plot shows the results of three independent repeats, and the mean value is marked by a horizontal line. Statistically significant differences are indicated with asterisks (**, P Ͻ 0.01; ***, P Ͻ 0.001).
susceptibility of the infected cells to NK cell-mediated lysis (9, 10) . To investigate whether the differences in NK cell cytotoxicity observed for cells infected with WT or gB-null PRV were due to a difference in MHC class I downregulation, both viruses were tested for their ability to downregulate surface expression of MHC class I upon infection. Figure 1C shows that cells infected with either virus showed equal downregulation of MHC class I.
The cytolytic assays on PRV-infected cells show that expression of gB is required for wild-type levels of NK cell-mediated killing, but they do not establish whether expression of gB per se is sufficient to trigger NK cell-mediated target cell lysis. To investigate whether expression of PRV gB alone, in the absence of other viral proteins, is sufficient to increase susceptibility of cells toward NK cell-mediated lysis, rabbit kidney (RK13) epithelial cells stably expressing PRV gB were used (14) . Wild-type RK13 cells and PRV gB-expressing RN/008 cells were coincubated with primary IL-2-primed porcine NK cells and subsequently assessed for NK cell-mediated cytotoxicity by flow cytometry ( Fig.  2A ). As shown in Fig. 2A , RK13 cells expressing PRV gB (RN/008) were significantly more susceptible to NK cell-mediated lysis than parental RK13 cells. Flow cytometry and Western blot analysis confirmed expression of PRV gB in the stably transfected RN/008 cell line (Fig. 2B ). In conclusion, these data show that expression of the gB protein of PRV, in the absence of other viral proteins, is sufficient to trigger NK cell-mediated lysis of target cells and that expression of gB contributes significantly to NK cell-mediated lysis of PRV-infected cells.
Porcine NK cells express PILR␤. In infected cells, PRV gB is expressed in different host cell membranes, including the plasma membrane (15), where it may interact with receptors expressed on other cells, including immune cells. HSV-1 and PRV gBs have been reported to interact with the human and murine orthologs of paired immunoglobulin-like type 2 receptor ␣ (PILR␣) (16) (17) (18) (19) (20) . PILR␣ is an inhibitory immune receptor that is typically not expressed on NK cells but is closely related to an activating member of the paired immunoglobulin-like type 2 receptors, PILR␤, which is expressed on both human and mouse NK cells (21) (22) (23) . Although HSV-1 gB does not appear to interact with the human ortholog of PILR␤ (18, 19) , we wanted to address whether PILR␤ is expressed in porcine NK cells and whether recombinant porcine PILR␤ may show differential binding to WT or gB-null PRV-infected cells. To this end, we first investigated PILR␤ expression in porcine NK cells by reverse transcription-PCR (RT-PCR). Figure 3A shows that, indeed, PILR␤ transcript is expressed in primary porcine NK cells (Fig. 3A) . As expected, negative controls (i.e., with no RNA template and inactivated reverse transcriptase activity) did not yield a PCR signal (Fig. 3A) .
Expression of PRV gB increases binding of recombinant porcine PILR␤ to PRV-infected and gB-transfected cells. To test whether expression of gB increases binding of PILR␤ to the surfaces of PRV-infected target cells, a recombinant porcine PILR␤ (pPILR␤-Fc) was produced. Purified protein was checked by SDS-PAGE followed by Coomassie blue staining and Western blotting (Fig. 3B) . After purification, pPILR␤-Fc was used in a binding assay using mock-infected cells and cells infected with wild-type PRV or isogenic gB-null PRV. Figure 3C shows that binding of pPILR␤-Fc to the cell surface is significantly increased in cells infected with WT PRV but not in cells infected with gB-null PRV. Porcine PILR␤-Fc was also used in a binding assay on parental RK13 cells and on the PRV gB-expressing RN/008 cells. Remarkably, binding of pPILR␤-Fc to the cell surface was significantly increased in RN/008 cells (Fig. 3D) . Addition of pPILR␤-Fc (80 g/ml) to cytolytic assay mixtures, in an attempt to block the ability of gB to trigger NK cell cytotoxicity, did not result in a significant inhibition of NK cell-mediated killing of PRV-infected or gB-transfected cells (data not shown). In summary, our data show that recombinant porcine PILR␤ shows increased binding to PRV gB-expressing cells (either PRV infected or gB transfected) but that addition of recombinant porcine PILR␤ does not suppress the ability of gB to trigger NK cell cytotoxicity.
DISCUSSION
Our results show that expression of PRV gB triggers porcine NK cell-mediated cytotoxicity, in both infection and transfection assays. In addition, we found that, like their human and murine counterparts, porcine NK cells express the activating NK cell receptor PILR␤. We also observed a PRV gB-dependent increase in binding of recombinant porcine PILR␤ to the surfaces of PRV-infected and gB-transfected cells.
Earlier results using total white blood cell populations already suggested an activating effect of PRV (and HSV-1) gB on NK cells (11) (12) (13) , although it was unclear whether this represented a direct activating effect of gB on the NK cell population or, rather, an indirect effect mediated by other immune cell populations (e.g., via cytokine responses). Also, it was unclear whether cytolytic effects were mediated by NK cells or NK-like cells (11) . Our results show that, in the absence of other immune cells, expression of PRV gB contributes substantially to the ability of PRV-infected cells to trigger NK cell cytotoxicity and that expression of PRV gB alone, in the absence of other viral proteins, is sufficient to trigger cytolytic activity in NK cells.
Although expression of PRV gB is sufficient to trigger NK cell cytotoxicity and contributes to NK cell-mediated lysis of PRV-infected cells, it is highly likely that additional factors contribute to NK cell-mediated killing of PRV-infected cells. In line with this, NK cell-mediated killing of cells infected with gB-null PRV, although significantly reduced compared to that of cells infected with WT PRV, was still significantly higher than killing of mock-infected cells (Fig. 1A) . Although it is speculative at this point, such additional factors may include virus-induced upregulation of ligands for activating NK cell receptors such as natural cytotoxicity receptors (NCR), as has been described for HSV-1 (24).
Our binding assays using recombinant porcine PILR␤ and (infected and transfected) PRV gB-expressing cells suggest that, in contrast to the case for HSV-1 gB and human PILR␤, PRV gB interacts with porcine PILR␤. The ability of HSV-1 gB to bind human PILR␣ but not PILR␤ has been reported to be due to a tryptophan (W)-to-leucine (L) mutation in the amino acid sequence of PILR␤ compared to that of PILR␣ (19) . W108, together with tyrosine (Y2) and arginine (R95), is a critical residue in the sialic acidbinding domain of PILR␣, and these residues are required for HSV-1 gB binding. In line with this, mutation of L108 in PILR␤ to tryptophan restored the ability of this protein to bind HSV-1 gB (19) . Interestingly, both porcine PILR␣ and PILR␤ contain a tryptophan (W) residue at the location corresponding to W/L108 in the human orthologs, which could explain why PRV gB may interact with porcine PILR␤. Such interaction between PRV gB and porcine PILR␤ may have important consequences for other aspects of PRV biology, including PRV entry in host cells. For example, it will be interesting to assess in future research whether PILR␤, like PILR␣, may serve as a gB receptor during PRV fusion and entry in host cells (20) .
Although it was not statistically significant, we observed a reproducibly reduced binding of PILR␤ to the surfaces of gB-null PRV-infected cells compared to mockinfected cells (Fig. 3C) . Although speculative at this point, it is possible that virusinduced shutoff of host protein synthesis and/or virus-induced alternations in host cell metabolism may result in reduced expression of natural host ligands for PILR␤.
We found that porcine NK cells express PILR␤ transcripts. Since PRV has a wide host range, which include carnivores and ruminants, and almost invariably causes lethal infections in nonporcine susceptible hosts, it will be interesting in future research to address whether NK cells of these species express PILR␤ and, if so, whether gB of PRV affects their binding to PRV-infected cells.
Since addition of recombinant porcine PILR␤ to cytotoxicity assay mixtures did not lead to a reduced gB-mediated cell lysis by porcine NK cells, the NK cell-activating effect of PRV gB may not (solely) be due to PILR␤. However, a contribution of PILR␤ in the NK cell-activating effect of PRV gB cannot be excluded at present. Indeed, for example, cells expressing PRV gB may show a higher affinity for native PILR␤ that is expressed on NK cells than for recombinant PILR␤. This may prevent efficient inhibition of gBmediated NK cell activation by recombinant PILR␤. In addition, it is possible that a relatively low threshold number of gB-PILR␤ interactions is sufficient to activate NK cells during cell-to-cell contact.
Despite different attempts, we have currently been unable to design effective small interfering RNA (siRNA) strategies in primary porcine NK cells. Successful development of such assays will allow resolution of the contribution of PILR␤ in the NK cell-activating effect of PRV gB.
Together, the results of this study show for the first time that, on the one hand, expression of PRV gB triggers NK cell cytotoxicity and, on the other hand, expression of PRV gB leads to an increased PILR␤ binding.
Our finding that expression of PRV gB triggers NK cell cytotoxicity increases our understanding of the interaction of alphaherpesviruses with this particularly important immune cell population and may lead to clinical applications. Indeed, activation of NK cells has been proposed as a valuable strategy in the design of alphaherpesvirus vaccines (25) (26) (27) (28) (29) (30) (31) . In addition, NK cell-mediated elimination of virus-infected cells has been reported to interfere with efficient tumor cell lysis by HSV-based oncolytic vectors in a mouse model of glioblastoma (32) . Our data, which demonstrate that a conserved alphaherpesvirus glycoprotein triggers NK cell cytotoxicity, may therefore have important consequences regarding the construction of future vaccines and oncolytic vectors with optimized NK cell-activating properties.
MATERIALS AND METHODS
Infections of SK cells. As described earlier (7, 8) , swine kidney (SK) cells were cultivated in minimal essential medium (MEM) (Life Technologies, Thermo Fisher Scientific) supplemented with 10% (vol/vol) fetal calf serum (FCS), 100 U/ml penicillin, 100 g/ml streptomycin, and 0.05 mg/ml gentamicin. SK cells were detached from cell culture flasks using trypsin, seeded in suspension culture flasks (Sarstedt, Nümbrecht, Germany) at 1.2 ϫ 10 7 cells/8.5 ml, inoculated with PRV Kaplan wild-type virus (33) or the isogenic gB-null mutant strain (14) at a multiplicity of infection (MOI) of 10, and put on a rocking platform at 37°C. For cytolytic assays, cells were collected at 12 h postinoculation (hpi) and subjected to the cytolytic assay. For assays to determine binding of recombinant porcine PILR␤, cells were collected at 14 hpi.
RK13 cell lines. Rabbit kidney (RK13) cells were cultivated with MEM supplemented with 10% FCS, L-glutamine, sodium pyruvate, and nonessential amino acids. RN/008 cells were cultivated with MEM supplemented with 10% FCS, L-glutamine, sodium pyruvate, nonessential amino acids, and Geneticin (500 g/ml). RN/008 is a previously generated and characterized RK13 cell line that stably expresses PRV gB-008, which is a C-terminally truncated gB derivative constructed by PCR by insertion of stop codons before the second alpha-helical domain, thereby deleting the YQRL internalization motif (14, 34) .
Primary porcine NK cell isolation and culture. NK cell isolation was performed as previously described before (35) . In brief, heparinized blood samples (50 U/ml blood; LEO Pharma) were obtained from the external jugular veins of pigs (12-to 27-week-old crossbred pigs derived from Rattlerow-Segher hybrid sows and Pietrain boars) that were kept as blood donors under standard conditions at the Faculty of Veterinary Medicine, Merelbeke, Belgium, and were from a commercial farm. The blood sampling procedure was approved by the Ethical Committee of the Faculty of Veterinary Medicine (EC2013/62 and EC2017/121). Primary porcine NK cells were isolated from porcine peripheral blood mononuclear cells (PBMC) by negative magnetically active cell sorting (MACS) depletion of CD3 ϩ and CD172a ϩ cells followed by fluorescence-activated cell sorting (FACS) purification using antibodies against porcine CD172a (IgG1, clone 74-22-15a [36] ), CD3 (IgG1, clone PPT3 [37] ), and CD8a (IgG2a, clone 11/295/33 [38] ) as previously described (35) . Porcine NK cells were purity sorted based on CD3 Ϫ CD172a Ϫ CD8a ϩ expression using a BD FACS Aria III cell sorter (BD Biosciences), resulting in a Ն98% pure porcine NK cell population.
Primary porcine NK cells were cultured in 96-well flat-bottom plates (Nunc, Thermo Fisher Scientific) at a density of 5 ϫ 10 6 cells/ml in RPMI (Gibco) supplemented with 10% (vol/vol) fetal calf serum (FCS) (Thermo Fisher Scientific), 100 U/ml penicillin (Gibco), and 100 g/ml streptomycin (Gibco) (referred to as porcine NK medium). For cytolytic assays, porcine NK cells were primed with recombinant human IL-2 (20 ng/ml) for 16 to 18 h before the assay.
Construction of recombinant PILR␤. The sequence encoding the extracellular portion of the porcine PILR␤ receptor (GenBank accession number JQ890108.2) was amplified starting from the pcDNA3.1ϩDYK-PILR␤ plasmid (custom made; GenScript, USA) using the primers Fw 5=-ACGCGTCGAC ACCATGGGGCTGCCCCTGCT-3= and Rev 5=-ACGCGTCGACTTCCGTACTCGGGGAATGCCTTTGG-3=. Amplification was performed with the Herculase II fusion DNA polymerase kit (Agilent Technologies, Santa Clara, CA, USA) for 2 min at 95°C, followed by 30 cycles of 20 s at 95°C, 20 s at 60°C, and 1 min at 72°C, followed by a 3-min elongation step at 72°C. The PCR product was digested with SalI restriction enzyme and subcloned in the SalI-digested pRB1-cc Fc mut vector in frame with the sequence coding for a dimeric human IgG1 portion, which was mutagenized to obtain a mutated Fc that does not bind to Fc receptors. The pRB1-cc PILR␤ Fc mut construct was transfected into the HEK293T cell line (human embryonic fibroblasts) using JetPEI DNA transfection reagent (Polyplus transfection). Supernatants were collected from the transfected cells cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% Ultralow IgG fetal bovine serum (Life Technologies, UK), and the recombinant porcine PILR␤-Fc mut molecule was purified by affinity chromatography using a HiTrap protein G HP column (GE Healthcare, UK). The purified protein was checked by SDS-PAGE followed by Coomassie blue staining and by Western blotting using a horseradish peroxidase (HRP)-conjugated goat anti-human IgG antibody (Thermo Fisher Scientific) (see below).
Western blotting. Cells were collected on ice, washed in phosphate-buffered saline (PBS), and lysed in lysis buffer, containing TNE (20 mM Tris-HCl, 150 mM NaCl, and 1 mM EDTA) with 10% NP-40 (Roche) and protease inhibitor cocktail (Sigma-Aldrich), on a shaker at 4°C for 1 h. Nuclei were removed by centrifugation (13,000 ϫ g, 10 min, 4°C), and the protein content was measured using the bicinchoninic acid (BCA) protein assay kit (Thermo Scientific). Cell lysates were loaded on SDS-10% acrylamide gels and transferred to a P-Hybond polyvinylidene difluoride (PVDF) membrane (GE Healthcare), which was afterwards blocked using 5% milk powder (Nestlé) diluted in PBS-T (PBS supplemented with 0.1% Tween 20 [Sigma-Aldrich]) for 1 h at room temperature. Incubations with primary monoclonal antibodies (MAbs) (anti-PRV gB 1C11 [39] ), anti-PRV gD 13D12 [39] ), anti-PRV gE 18E8 [39] ) or HRP-labeled anti-alpha-tubulin (Abcam, UK) or with HRP-labeled secondary antibodies (HRP-conjugated goat anti-mouse IgG or goat Fab anti-human IgG [Thermo Fisher Scientific]) were performed in 5% milk powder-PBS-T at 4°C overnight and for 1 h at room temperature, respectively. Blots were developed using chemiluminescence. Bands were detected using a ChemiDocMP imager (Bio-Rad) according to the manufacturer's instructions.
Cytolytic assays. In general, cytolytic assays were performed as described before (7, 8) . In brief, mock-, PRV wild-type Kaplan-, or isogenic Kaplan gB null-infected SK cells or RK13 and RN/008 cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) proliferation dye (CellTrace CFSE cell proliferation kit; Invitrogen, Thermo Fisher Scientific) according to the manufacturer's recommendations. Briefly, 1.0 ϫ 10 6 target cells/ml were resuspended in porcine NK medium with 5 M CFSE and incubated for 15 min at 37°C. The labeling reaction was stopped by addition of ice-cold porcine NK medium. Afterwards, cells were washed in porcine NK medium to remove excess CFSE and coincubated with IL-2-primed NK cells at different effector/target cell ratios (as indicated in the figure legends) for 4 h at 37°C. Thereafter, the viability of 5,000 target cells was assessed by propidium iodide staining and flow cytometry. The percentage of NK cell-mediated lysis was calculated using the formula (% dead target NK Ϫ % dead target spont )/(% dead target maximum Ϫ % dead target spont ).
Cell surface expression analysis via flow cytometry. For flow cytometric analysis, cells were collected and washed in PBS. All incubation steps were performed in 96-well V-bottom plates for 40 min at 4°C. The different combinations of primary monoclonal antibodies (MAbs) and secondary reagents used for each assay are listed in Table 1 and were diluted in PBS. Sytox blue (Thermo Fisher Scientific) was used to discriminate live and dead cells. Flow cytometry was performed using a BD FACS Aria III (BD Biosciences), and samples were analyzed with FACSDiva software (BD Biosciences) and FlowJo software (doublet discrimination).
One-step RT-PCR. Total RNA was isolated from freshly isolated porcine NK cells using the RNeasy minikit (Qiagen) and was reverse transcribed into cDNA and immediately amplified by using one-step RT-PCR kit (Qiagen). The primers used for detection of PILR␤ were Fw 5=-ATACGGTGAACAGGAGTGGC-3= and Rev 5=-CGTACTCGGGGAATGCCTTT-3=. The cycle conditions were 30 min at 50°C, 1 cycle of 15 min at 95°C, 30 cycles of 30 s at 94°C, 30 s at 55°C, and 90 s at 72°C, and then 10 min at 72°C. A no-template control without template RNA was included. In addition, DNA contamination was excluded by using control reactions wherein reverse transcriptase activity is inhibited. Under these conditions, reverse Statistical analysis. Statistical analysis was performed using GraphPad Prism 5 (GraphPad, CA, USA). Data were analyzed for statistical differences with a repeated-measures analysis of variance (ANOVA) at the 5% significance level. Post hoc comparisons between different conditions were performed using Tukey's range test. For comparing two groups, data were analyzed for statistical differences with a two-tailed (un)paired t test.
